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Abstract This manuscript presents a Young’s moduli

analysis by folded-beam and straight-beam MEMS-based

3C silicon carbide (SiC) lateral resonators via finite ele-

ment modeling. The modeling yields the ranges of the

Young’s modulus of (110) single-crystalline and (111)

polycrystalline 3C–SiC resonators. This investigation

considers the geometric variation of support beams as

determined by scanning electron microscope (SEM)

micrography. The Young’s moduli of single-crystalline

(110) and polycrystalline (111) 3C–SiC folded-beam res-

onators are estimated to be 337–386 GPa and 353–

409 GPa by software modeling. The residual stress was

44 MPa for polycrystalline SiC. These results reveal that

crystal orientation may be more important than crystalli-

zation in determining the Young’s modulus of 3C–SiC.

Introduction

Microelectromechanical system (MEMS) resonators have

attracted the attention of the radio frequency (RF) com-

munications community because of their high quality

factors (Q’s) and their capacity for integration into silicon-

based integrated circuits (IC) [1–3]. RF applications

demand a device technology that operates from very low

frequencies to ultra-high frequencies. Silicon carbide (SiC)

is a promising material for RF MEMS because it has a high

Young’s modulus-to-density ratio, increasing the acoustic

velocity and fundamental resonant frequency of the

vibrating structure above those of Si. Among approxi-

mately 250 known polytypes of SiC, 3C–SiC (or b-SiC) is

the only polytype that can be epitaxially grown as a single-

crystal film on silicon substrates because it has a common

crystal structure. Hence, 3C–SiC is the only suitable SiC

for integration with current silicon-based technology. The

Young’s modulus of 3C–SiC has been obtained by a

variety of methods, involving nanoindentation [4], quasi-

static deflection [5], load deflection [6], the relationship

between the resonant frequency and Young’s modulus of a

MEMS resonator [7], and a machined diaphragm [8]. The

moduli of poly-SiC materials have been estimated to be

from 300s to 700s GPa. The variation may arise from the

polycrystalline characteristics, measurement techniques,

and/or dimensions. This work employs the measured res-

onant frequencies of MEMS resonators—both poly-SiC

and single-crystal SiC resonators—and addresses the var-

iation of Young’s modulus with geometric uncertainty

associated with the fabrication process. A reasonable range

of Young’s modulus is explained by such fabrication

uncertainty. The fabrication process critically affects geo-

metric design, particularly of support beams, and thus

determines a resonator’s operating frequencies. Care must

be taken to use resonant frequency to determine the

Young’s modulus of a material, because its value depends

on its dimensions. Furthermore, a mechanical modeling is

also helpful in determining the Young’s modulus in addi-

tion to hand calculation.
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Fabrication of resonators

The single-crystal 3C–SiC resonators used in this work

were originally developed herein and called Type K. The

fabrication sequence used the one-mask process to define

the SiC resonators. In this design, the buried SiO2 film of

the silicon carbide-on-insulator wafers was used as a sac-

rificial layer and substrate electrical isolation. The

fabrication process begins by depositing an aluminum thin

film by magnetron sputtering. The aluminum film was

patterned into an etch mask by photolithography, defining

the resonator. The 3C–SiC film is anisotropically dry-

etched using a reactive ion etching process that is based on

CHF3, O2, and He. After the wafers were etched and diced,

the chip level devices that contain resonators were then

etched using an aluminum etchant and Piranha cleaning

fluid to remove the aluminum mask. The structures

were released by wet etching in 49% HF for 5 min (Fig. 1).

Type K is shown in Fig. 2a [9].

Type Df resonators shown in Fig. 2b were fabricated by

poly-SiC films that were deposited by low pressure

chemical vapor deposition (LPCVD). Dichlorosilane (DCS

or SiH2Cl2) and acetylene (C2H2) were chosen as the

resource gases because DCS is readily available and acet-

ylene has a lower bond energy than propane, which makes

it much more suitable for processes that must be performed

at temperatures close to 900 �C. In many respects, the

LPCVD furnace resembles the commercially available

platforms that are commonly utilized for polysilicon

MEMS. Details pertaining to the reactor and its use are

presented elsewhere [10]. A series of resonators were

fabricated from poly-SiC films that were deposited by

LPCVD. The substrates comprised Si wafers that were

capped with a thermally grown 2 lm-thick SiO2 film. The

poly-SiC films were simply deposited directly on top of the

oxide surface without the need for preclean and carbon-

ization steps, since the amorphous SiO2 layer is not used as

a template for film growth. The flow rates of DCS and

C2H2 were 35 and 180 sccm, respectively. The C2H2 was

diluted to 5% in hydrogen. The deposition pressure and

temperature were fixed at 2 Torr and 900 �C throughout

the process. Under these conditions the residual film stress

was adjustable to near zero. To consider an optimal film

quality, the residual stress was reported to be 44 MPa. The

resistivity of a 1 lm-thick film was measured to be

3.38 X cm [11]. In addition to the folded-beam resonators,

a series of straight-beam lateral resonators were also fab-

ricated. The configuration of a straight-beam lateral

resonator is shown in Fig. 2c. Like a folded-beam reso-

nator, the straight-beam lateral resonator has comb fingers

to maximize the capacitance between the shuttle and the

drive and sense electrodes. The difference of Type Dc from

Type Df lies in the clamping architecture: the support

beams are directly linked to the anchors, which presumably

increases the clamping damping as compared with the

folded-beam resonators. The resonator is denoted by Type

Dc resonators also fabricated from poly-SiC films deposited

using undoped LPCVD films.

Analysis and discussion

The natural resonant frequency of a folded-beam resonator

has been derived from first principles using the law of

energy conservation [12]. Simplifying the mass in the

denominator by using an integral kinetic mass, MI , enables

the equation for the natural frequency of a folded-beam

resonator to be rewritten as,

fr ¼
1

2p
2Eh W=Lð Þ3

MI

" #1=2

ð1Þ

(a) Metal mask deposition

(b) Metal mask pattern 

(c) SiC pattern by RIE

(d) Device release

Single- /poly-SiC

Al

SiO2

Si Substrate

Fig. 1 Cross sections of the process flow for fabricating 3C–SiC

lateral resonators herein; (a) deposition of SiO2/3C–SiC/Al; (b) mask

patterning; (c) plasma etching of SiC structural material and etching

mask removal; and (d) isotropic timed etching to release the device

J Mater Sci (2008) 43:4512–4517 4513

123



where AI denotes the integral kinetic area; q is the density

of the material; E is the Young’s modulus of the structural

material for a folded-beam resonator; W and L are the

width and length, respectively, of the support beam. The

sensitivity of the measured dimensions W, L, and AI to the

resonant frequency can be evaluated from Eq. 2. The

dimension sensitivity of resonant frequency (fr) to the

dimensions (D) of width (W), length (L), and effective area

(AI) are 3/2, 3/2, and 1/2. (D is replaced by W, L, and AI).

Dim. sensitivity ¼ ofr=fr

oD=D

����
���� ð2Þ

The beam width (W) is more sensitive to desired reso-

nant frequency than the other two (L and AI) geometric

features because of its small dimension and its uniformity

of beam widths from one end to the other. So the values of

Young’s modulus calculated using these measurements

have a high degree of uncertainty. Restated, the beam

width is the most critical parameter in determining

Young’s modulus or resonant frequency. Figure 3a and b

demonstrates the sidewalls of single-crystal and polycrys-

talline SiC resonators after the structures were released.

The roughness of sidewalls is uniform on sidewall. In fact,

these SiC resonators had columnar microstructures [13].

The measurement uses transmission method by Agilent

4395A network analyzer to acquire resonant frequency.

The transmission signal S21 was directly read and detailed

elsewhere [14]. The resonant frequencies for Device K1

and Df1 are 28,162 and 45,081 Hz in Fig. 4a and b,

respectively. The measured resonant frequency of Device

Dc1 is 29,998 Hz in Fig. 4c.

Fig. 2 Folded-beam resonators

for Type K (a), Type Df (b),

and straight-beam resonators

Type Dc (c)

Fig. 3 The support beam and sidewall of single-crystal SiC (Type K)

(a) and poly-SiC (Type D) (b) as rendered for analysis in this

manuscript
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The modeling by ANSYS verifies the values of Young’s

moduli. This modeling uses type Plane42, a 2D structural

solid, with the thickness set at 2 lm. Table 1 includes the

dimensions measured from SEM micrographs and the

assumptions regarding SiC density and Poisson ratio as

parameters for separated-truss and bonded-truss resonators.

The device K1 is a separated-truss resonator that is fabri-

cated from single-crystalline (110) 3C–SiC. The device Df1

is a bonded-truss resonator that is fabricated from poly-

crystalline (111) 3C–SiC. Subject to degree-of-freedom

constraints on X and Y at the ends of the four support

beams, the natural frequency can be obtained by finite

element modeling. In this modeling effort, a range of

Young’s moduli are input to the model to determine the

calculated resonant frequency that best matches the mea-

sured resonant frequency of device K1 and device Df1 in

Fig. 4a and b, respectively, which demonstrates the dis-

placement of the movable structures, as indicated by the

colors over a typical set of input values. Red represents the

maximum displacement while blue represents the mini-

mum. Note that the color-coded preliminary model in

Fig. 4a and b indicates that the displacements of both

bonded-truss and separated- truss folded-beams are asym-

metric. The color codes in these two figures reveal that the

support beams are not symmetrically located. The proof

mass that represents maximum displacement range is red,

and the beam that links to the anchor, representing the

minimum displacement range, is blue. The displacements

of the secondary beams are not completely stiff in this

design, but rather, they act as a part of support beams that

has some flexibility in the direction of motion. In this case,

the width of the secondary beam is 10 lm, as determined

from the SEM micrograph. The straight-beam resonator

has no secondary beam problem. The modeling shows

34,460 Hz resonant frequency at 1.5 lm beam width.

The Young’s moduli related to resonant frequency are

also obtained by hand calculation. Based on energy con-

servation considerations that are only for a high Q device,

such as these devices, the potential energy equals the total

kinetic energy for all suspended parts of the resonator.

Such a concept is expressed mathematically with the

device deflected from center to either the right or the left,

i.e., Fig. 4. The colors show the relative displacement of

the movable components.

By energy conservation law,

Fig. 4 Modeling of Device K1 in (a) Df1 in (b), and Dc1 in (c). The

colors represent the degree of physical displacement: the proof mass

has the maximum displacement range, and is colored red; and the

beam that is linked to the anchor has the minimum displacement and

is blue. The displacements of two folded-beam resonators—with

bonded truss (a) and separated truss (b)—are asymmetric because of

the secondary beams in both cases: their secondary beams are parts of

one of the folded beams. The resonant frequency measured from

transmission method is determined to be 28,079 Hz for Device K1

and 45,081 Hz for Device Df1and 29888 Hz for Dc1

c
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1

2
kX2

0 ¼
1

2
MSX2

0x
2 þ 1

2
MtðcX0xÞ2 þ

13

70
MbðcX0xÞ2

þ 1

4
MbX2

0x
2 1� 3cþ 153

35
c2

� �
ð3Þ

where

c ¼ truss displacement

mass proof displacement
; 0 \ c5 0:5;

k is spring constant; MS, Mt, and Mb-f represent the masses

of the proof mass, the truss, and the support beam,

respectively; X0 is the maximum displacement of the proof

mass; and x is the angular speed in radians. The resonant

frequency of a folded-beam resonator, fr_folded, is shown in

Eq. 4, where Wf and Lf are the width and length of the

primary support beams; h is the thickness of the device; E

is the Young’s modulus. Hence, the resonant frequency of

a folded-beam resonator can be rewritten as

fr folded ffi
1

2p

4cEh Wf =Lf

� �3

ðMS þ c2Mt þ 0:5ð1� 3cþ 5:1c2ÞMb�f

" #1=2

ð4Þ

Based on the modeling results for the separated-truss

resonator in Fig. 4, the c for this device is estimated to be

approximately 0.45 by making measurements of the

deformation plot. Calculating the modified Young’s

modulus considering width variation of ±0.5 lm yields a

value of 337–386 GPa for (110) single-crystal SiC and

353–409 GPa for (111) polycrystalline SiC. The range

follows from the consideration of the support beam width

as the only determinant of the value of the modulus

because the beam width most strongly affects the estimated

Young’s modulus.

By the same method, the resonant frequency of a

straight-beam resonator is estimated to be

fr straight ffi
1

2p
4Eh Wc=Lcð Þ3

MS þ 0:02Mb�c

" #1=2

ð5Þ

where MS is the proof mass; Wc and Lc are the width and

length of the support beams; and Mb-c is the mass of the

four support beams.

The results reveal that the orientation of 3C–SiC, rather

than grain size, is probably more important in determining

the Young’s modulus. Notably, the finite element analysis

makes many of the same basic assumptions as does the

basic formula: the support beams have a low internal stress.

Table 1 shows Young’s moduli for both modeling and

hand calculation. The modeling resonant frequency is

determined to be 28,079 Hz at a Young’s modulus of

360 GPa (a), and 45,671 Hz using a Young’s modulus of

380 GPa (b) for folded-beam resonator. The hand calcu-

lation shows 6–7% lower than the modeling result. The

hand calculation shows the Young’s modulus of (111)

polycrystalline SiC is to be about 430 GPa. This deviation

is most likely attributed to the estimation of beam width.

Conclusion

The Young’s moduli of single-crystalline (110) and poly-

crystalline (111) 3C–SiC folded-beam resonators were

estimated to be 337–386 GPa and 353–409 GPa, using

finite element modeling that considered the variation of

support beam width due to fabrication uncertainties. The

modeling yields the modification of a relationship between

Table 1 Dimensions, assumptions, hand calculation, and modeling results for Device K1, Df1, and Dc1

Device K1 Df1 Dc1

Structural material Single-crystal SiC Poly-SiC

Configuration Folded-beam Straight-beam

Dimensions Beam width (m) 2.20 9 10-6 2.05 9 10-6 1.60 9 10-6

Beam length (m) 1.42 9 10-4 1.00 9 10-4 1.60 9 10-4

Proof mass area (m2) 2.48 9 10-8 2.37 9 10-8 1.51 9 10-8

Truss area (m2) 8.00 9 10-10 6.93 9 10-10 –

Beam area (m2) 2.5 9 10-9 1.64 9 10-9 9 9 10-10

Assumption Density (kg/m3) 3.21 9 103 3.21 9 103 3.21 9 103

Poisson ratio 0.23 0.17 0.17

Hand calculation Young’s modulus (Pa) 3.35 9 1011 3.55 9 1011 3.90 9 1011

Resonant frequency (Hz) 28,162 45,082 29,980

Modeling Young’s modulus (Pa) 3.60 9 1011 3.80 9 1011 4.10 9 1011

Resonant frequency (Hz) 28,079 45,671 30,060
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the resonant frequency and the length of the support beams

due to secondary support beams in these designs. These

results reveal that crystal orientation may be more impor-

tant than crystallization in determining the Young’s

modulus of 3C–SiC.
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